Abstract. Seven male students were exposed to four varied air temperature environments: hot (37˚C) to neutral (27˚C) (HN), neutral to hot (NH), cool (17˚C) to neutral (CN), and neutral to cool (NC). The air temperature was maintained at the first condition for 20 min, then was changed to the second condition after 15 min and was held there for 20 min. Each subject wore a T-shirt, briefs, trunks, and socks. Each sat on a chair and was continuously evaluated for thermal sensation, thermal comfort, and air velocity sensation. Some physiological and thermal parameters were also measured every 5 s during the experiment. The correlation between thermal sensation and skin temperature at 15 sites was found to be poor. The subjects felt much warmer during the rising phase of the air temperature (CN, NH) than during the descending phase (HN, NC) at a given mean skin temperature. However, thermal sensation at the same heat flux or at the same value of the difference between skin and air temperature (∆(Tsk Ta)) was not so different among the four experimental conditions, and the correlation between thermal sensation and heat flux or ∆(Tsk Ta) was fairly good. The multiple regression equation of the thermal sensation (TS) on 15 sites of skin temperature (Tsk; ˚C) was calculated and the coefficient of determination (R* 2 ) was found to be 0.656. Higher coefficients of determination were found in the (Appl Human Sci, 17 (2): 73-78, 1998) 
Introduction
Recently, many studies in the field of physiological anthropology have undertaken to evaluate the living environment. These studies have investigated the effects of thermal conditions as well as conditions involving lighting and sound, alone and in combination (Kanda et al., 1996; Nakajima and Hashimoto, 1996; Higuchi et al., 1997; Morita et al., 1997) . In connection with the trend of these studies, there were a number of reports on the estimation of thermal sensation from certain physiological parameters, such as skin temperature (Nishimura et al., 1993; Genno et al, 1993; Komoriya and Furuse, 1993; Sudo et al., 1994) . Most of these studies were carried out in constant air temperature conditions. It may be possible to estimate thermal sensation accurately under these conditions by using these estimation methods, but it is far problematic to estimate thermal sensation accurately in a non-steady condition. In an actual environment, for example in a vehicle compartment, thermal conditions are changing all the time. Therefore, the authors undertook to carry out a study of the estimation of thermal sensation under nonsteady thermal conditions.
In this study, we measured some physiological and psychological parameters every 5 s under four varied thermal conditions, and estimated the thermal sensation from the physiological parameters.
Methods
Seven healthy male students volunteered for this study. Their mean age, height, and body mass were 23 (SD 1) years, 168.6 (SD 6.5) cm, and 58.9 (SD 8.7) kg, respectively. Each wore a T-shirt, briefs, trunks, and socks. The estimated clo value was 0.27 (Nevins et al., 1974) .
Each subject entered an anteroom controlled at 21-23˚C. Each sat on a chair for about 40 min in the anteroom, then entered a climatic chamber.
Each subject was exposed to four varied air temperature conditions in the climatic chamber: a hot (37˚C) to neutral (27˚C) environment (HN), a neutral to hot environment (NH), a cool (17˚C) to neutral environment (CN), and a neutral to cool environment (NC). During the first 20 min, the air temperature was maintained at the first condition, then it was changed to the second condition over a period of about 15 min, and was held there for 20 min. The walls of the climatic chamber were covered with thick curtains so that the temperature of the walls would be similar to the air temperature.
The subject sat on a chair and continuously evaluated the thermal sensation using a 7 category scale (3: hot, 2: warm, 1: slightly warm, 0: neutral, 1: slightly cool, 2: cool, 3: cold), the thermal comfort sensation by a 7 category scale (3: very comfortable, 2: comfortable, 1: slightly comfortable, 0: neutral, 1: slightly uncomfortable, 2: uncomfortable, 3: very uncomfortable), and the air velocity sensation by a 6 category scale (5: very sensible, 4: fairly sensible, 3: sensible, 2: slightly sensible, 1: most slightly sensible, 0: insensible). These subjective evaluations were measured by means of a specially made apparatus with 3 sliding knobs under the category scale indicators. The subject moved the sliding knobs freely to any position whenever he felt a change in his sensation.
Skin temperatures (Tsk) at 15 sites were measured with thermocouples (Eto Denki, Thermodac-E), and -mean skin temperature (Tsk) was calculated along the Hardy and DuBois's seven points method (Hardy and DuBois, 1938) .
Tympanic temperature (Tty) was measured by a thermistor (Sensor Techinica, PST-64S). Local sweat rate (SR) on the chest was measured by the ventilated capsule method (Katsuura et al., 1996) . Skin blood flow (SkBF) of the left thigh was measured using a laser-Doppler blood flow meter(Advance, ALF 21). Heat • flux (H) at the skin was measured by the gradient layer calorimeters (Kyoto Electronics Manufacturing, EM1) attached at both thighs and upper arms. Air temperature (Ta), air humidity, globe temperature, and PMV were also measured.
All physiological, subjective, and thermal data were recorded every 5 s, with the exception of Tty, which was measured every 30 s, and air velocity, which was measured every 5 min.
In the present study, the data obtained between 20 min and 40 min of the experiment were analyzed. The six sequential data items obtained every 5 s in a period of 30 s were averaged, and the values were used for further analysis.
A one-way repeated measures analysis of variance (ANOVA) using a SuparANOVA statistical program (Abacus Concepts, Inc.) was used to test changes of the data obtained between 20 min and 40 min in each of the four experimental conditions. When the ANOVA proved significant, a contrast was used to compare each pair of data points. A paired t-test was utilized for comparison between the values of HN and CN conditions obtained at 40 min. Pearson correlations for the thermal sensation vs. other parameters were calculated. Multiple regression analysis was used to make estimation equations of the thermal sensation from some physiological parameters. Statistical significance was accepted at the 5% level. Figure 1 shows the average responses of some parameters obtained between 20 min and 40 min of the experiment under the four experimental conditions.
Results and Discussion
Ta changed significantly in all four conditions. The changes in Ta from 20 min to 35 min were linear, and then became much reduced. The difference between the values of HN and CN obtained at 40 min was not significant. These features were in accord with the plan of the experiment.
Thermal sensation changed prominently as compared with Ta. The subjects felt significantly warmer under the CN condition than under the NC at 40 min, in spite of Ta being at the same level. The relation between the thermal sensation and each of the physiological parameters was examined. Table 1 shows correlation coefficients between the thermal sensation and each of the parameters. The correlation coefficients between the thermal sensation and SR, Tty, and SkBF were significant, but not very high. The constant air temperature conditions, and found fairly good correlation between Tsk and the thermal sensation (r=0.620~0.926). Genno et al. (1993) examined the correlation between facial Tsk and thermal sensation under constant air temperature conditions, and also found good correlation between Tsk and thermal sensation (r=0.747~0.897). Therefore, it may be possible to estimate thermal sensation from Tsk under constant air temperature conditions, but it is difficult to estimate thermal sensation from Tsk under the non-steady thermal conditions such as were used in the present study.
-
The relationships between thermal sensation and Tsk under the four experimental conditions are shown in Fig.  2 (A) . Thermal sensation during the rising phase of the air temperature (CN, NH) felt warmer than during the -descending phase (HN, NC) at a given Tsk. The relation • between thermal sensation and H from the skin at the thigh region is also seen in Fig. 2 (B) . The thermal • sensation at the same H was not so different among the four experimental conditions. The reason why the • thermal sensation had a uniform association with H may be owing to the fact that thermoreceptors in the skin are highly sensitive to the inflow and outflow of the heat through the skin (Katsuura, 1993) .
• Taking the measuring principle of H into consideration, it may be reasonable to use the thermal difference between air and skin (∆(Tsk Ta)) in place of sites (Ramanathan, 1964) were used. To compare the predictive ability among these six models, the adjusted square multiple R (R* 2 ) and RMS residuals in each of the six equations were calculated (Fig. 3) .
Model 1, which used all 20 physiological measurements, had the highest adjusted R* 2 and the lowest residual. While this indicates a superior predictive ability, this model is not suited for practical purposes. Model 2, which used Tsk of 15 sites, had a worse adjusted • R* 2 and residual. Model 3, which used only two H values, had a better adjusted R* 2 and residual than Model 2. Model 4, which used 15 values of ∆(Tsk Ta), showed the best predictive ability of all models except Model 1, but the variables are too many to use easily. Model 5, which used 7 values of ∆(Tsk Ta), showed fairly good predictive ability. Model 6, which used only 4 values of ∆(Tsk Ta), also showed fairly good predictive ability. Finally, it seems appropriate to remark that, although Tsk or Ta itself might be used for the estimation of thermal sensation under the steady state thermal condition, they are not adequate under the non-steady state condition. Because subjects feel warmer or cooler even Tsk shows the same value under the varied thermal condition. Still, • H at the skin or ∆(Tsk Ta) can be used for the estimation of thermal sensation fairly well. Consequently, it is reasonable to suggest that thermal sensation ought to • be based mainly on H at the skin. 
